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The epiblast layer of the chick embryo gives rise to all embryonic tissues. In vitro analyses were carried out to determine
whether epiblast cells could form skeletal muscle prior to entry into the primitive streak. Epiblasts were separated from
the mesoderm, hypoblast, and primitive streak, dissociated to produce a single cell suspension, and plated at high density.
Myogenesis began on the ®rst day in culture, and by the ®fth day most cells had differentiated into skeletal muscle. Some
cells differentiated without replicating. MyoD messenger RNA was present in epiblast tissue and translated in practically
all cells in culture. Cells from regions of the epiblast which do not form muscle later in the embryo did so in vitro.
Epiblasts cultured for 2 days as an intact epithelium, or in the presence of the mesoderm and hypoblast, did not undergo
myogenesis. These ®ndings demonstrate that myogenic potential is wide-spread within the primitive streak stage epiblast,
and that muscle differentiation, which occurs relatively autonomously in culture, can be prevented by cell and tissue
interactions. q 1996 Academic Press, Inc.
INTRODUCTION bryos. Cells from whole embryos or the primitive streak
alone will differentiate into muscle in culture (Choi et al.,
1989; Holtzer et al., 1990; Chen and Solursh, 1991). AnteriorThe mesoderm of the chick embryo arises during gastrula-
primitive streak tissue, but not epiblast cells, form muscletion as cells of the dorsal epiblast layer ingress through
when transplanted into the limb bud (Krenn et al., 1988;the primitive streak and migrate between the epiblast and
von Kirschhofer et al., 1994). Myogenic potential was postu-hypoblast layers (Bellairs, 1986). The hypoblast is replaced
lated to develop at the time of gastrulation as epiblast cellsby endoderm cells which also originate from the epiblast
entered the primitive streak (Krenn et al., 1988; Chen and(Rosenquist, 1971; Fontaine and Le Douarin, 1977; Stern
Solursh, 1991; von Kirschhofer et al., 1994). Treatment ofand Canning, 1990). Therefore, all embryonic tissues are
prestreak and primitive streak stage cells with inhibitors ofderived from the epiblast. Cells near the posterior margin
DNA synthesis suggested that cells must replicate beforeof the embryo (Koller's sickle) in¯uence the formation of
developing the competence to differentiate into skeletalthe primitive streak (Waddington, 1933; Azar and Eyal-Gi-
muscle (Choi et al., 1989; von Kirschhofer et al., 1994).ladi, 1979, 1981; Mitrani and Eyal-Giladi, 1981; Eyal-Giladi
Further development of myogenic precursors occurset al., 1994; Izpisua-Belmonte et al., 1993), a process which
within the paraxial mesoderm which consists caudally ofmay involve activin (Mitrani et al., 1990a), ®broblast
the segmental plate mesoderm and, rostrally, the somites.growth factor (Mitrani et al., 1990b), the cell surface carbo-
Differentiation begins in ovo by 48 hr of developmenthydrate HNK-1 (Canning and Stern, 1988; Stern and Can-
within the myotome of the somite (Holtzer et al., 1957;ning, 1990), and the expression of the homeobox-containing
Stern and Hauschka, 1995) under the in¯uence of the noto-gene goosecoid (Izpisua-Belmonte et al., 1993).
chord and neural tube (Strudel, 1955; Teillet and Le Dou-Myogenic cells are present in primitive streak stage em-
arin, 1983; Rong et al., 1992; Christ et al., 1992; Bober et
al., 1994). Somite and segmental plate cells can differentiate
in the absence of axial structures in vitro, if plated as a1 To whom correspondence should be addressed.
² Deceased. single cell suspension (George-Weinstein et al., 1994). Un-
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der these conditions, cells from the caudal segmental plate buffer, 2% formaldehyde, and 2.5% gluteraldehyde over-
night, dehydrated in a graded series of ethanol, transferredof the 48-hr embryo differentiated at a faster rate in culture
than somite cells from 36-hr embryos even though these to hexamethyldisalazine for 15 min, and then air dried on
a piece of tape mounted on a stub. Specimens were observedsomite cells had been in the mesoderm for a longer period
of time than the segmental plate cells from the older em- in a Hitachi scanning electron microscope.
bryos (for review see George-Weinstein et al., 1994). These
results suggested that development of myogenic cells pro-
Cell Cultureceeds prior to gastrulation, as they reside within the epi-
blast. Epiblasts or mesoderm/hypoblasts from stages 3±5 em-
bryos (predominantly stage 4) were dissociated in trypsin±The following experiments were designed to examine the
potential of isolated epiblast cells to form skeletal muscle. EDTA for 10 min. In most experiments, cells were plated
at a density of 2.2 1 104 cells in 10 ml of DES medium inIn vitro analyses demonstrated that epiblast cells undergo
skeletal myogenesis in the absence of surrounding tissues, the center of a 35-mm tissue culture dish coated with gela-
tin and ®bronectin (George-Weinstein et al., 1994). Thesewhen plated as a single cell suspension and grown in pro-
tein-free medium. Cells from all regions of the epiblast conditions were most effective in supporting the attach-
ment of cells. Plating ef®ciency was approximately 96%.formed muscle in vitro. These ®ndings suggest myogenic
potential is wide-spread in primitive streak stage embryos Dishes were ¯ooded 1 hr after plating with 1.5 ml DES or
DMEM/F12 medium (1:1 v/v; GIBCO/BRL) lacking sera,and that muscle differentiation is a relatively autonomous
process under these in vitro conditions. embryo extract, or hormones. DMEM/F12 medium was
added to the cultures because approximately ®ve times
more muscle formed at early times in culture in this me-
dium than in DES medium (percentage muscle: DMEM/F12MATERIAL AND METHODS  21 { 4 (5); DES medium  4 { 2 (6). In one experiment,
cells were plated in 10 ml DMEM/F12 medium instead ofDissection of Embryos and Scanning Electron
DES medium, on uncoated tissue culture dishes.Microscopy
Decreasing the density of cells was achieved by plating
2.2 1 104 cells in 1.5 ml of medium in a 35-mm coated orEmbryonated White Leghorn chicken eggs were obtained
from Truslow Farms, Inc. (Chestertown, MD). Embryos uncoated tissue culture dish. Epiblast cells plated at low
density attached to the dish when plated in DES or DMEM/were removed from the yolk and placed in Dulbecco's phos-
phate-buffered saline, pH 7.4 (PBS). The method of Ham- F12 medium on gelatin and ®bronectin coated dishes or in
DES medium on uncoated dishes.burger and Hamilton (1951) was used to stage embryos with
a primitive streak (stages 3±5). Prior to primitive streak Epiblasts also were cultured as an intact epithelium. After
removal of the primitive streak, mesoderm, and hypoblast,formation, embryos were staged by the method of Eyal-
Gilade and Kochav (1976) (stages XI±XII). epiblast tissue was placed in approximately 30 ml of DES
medium in the center of a dish coated with gelatin andIncisions were made lateral to the primitive streak (stages
3±5) and between the area pellucida and area opaca (all ®bronectin. The dish was ¯ooded with DMEM/F12 medium
2±5 hr after plating.stages) (Fig. 1). In some experiments involving stages 3±5
embryos, the area pellucida was then dissected into four Culturing epiblast cells with other tissues of the embryo
was carried out by dissecting neural tubes, notochords, orregions: anterior/medial, anterior/lateral, posterior/medial,
and posterior/lateral. Tissues were incubated in 0.25% tryp- lateral plate mesoderm from 2- and 3-day embryos (stages
13 and 20), or the area opaca and mesoderm/hypobast fromsin containing 1 mM EDTA (trypsin±EDTA) for approxi-
mately 10 sec and then placed in Dulbecco's modi®ed Ea- stage 4 embryos. Tissues were added to 50 ml of DES me-
dium in gelatin and ®bronectin coated dishes. After approxi-gle's medium containing 5% fetal bovine serum, 5% horse
serum (GIBCO/BRL), and 5% chick embryo extract (DES mately 2 hr, the medium was withdrawn and a single cell
suspension of epiblast cells was added as described pre-medium). The epiblast was mechanically separated from
the underlying mesoderm and/or hypoblast with needles. viously. Prior to plating, the epiblast cells were prelabeled
with ¯uorescein isothiocyanate (FITC) according to theMesoderm adhered tightly to the hypoblast but not to the
epiblast. method of Skerjanc et al. (1994). Observation directly after
incubation with FITC indicated that all cells had been la-Throughout the manuscript the term epiblast refers to
the dorsal layer of cells excluding the primitive streak. Since beled.
mesoderm forming cells are still present in the dorsal layer
at this time, it is referred to as an epiblast and not an ecto-
Immuno¯uorescence Localizations of Cell Type-derm. The process of endoderm formation is beginning dur-
Speci®c Antigensing these stages (Bellairs, 1986). Therefore, the term hypo-
blast includes the original ventral layer along with accumu- Immuno¯uorescence localizations were performed as de-
scribed previously (George-Weinstein et al., 1994). Mono-lating endoderm cells.
Tissues were rinsed in PBS, ®xed in 0.1 M cacodylate clonal antibodies (MAbs) include: MF20 against myosin
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heavy chain (Bader et al., 1982), 12101 against the skeletal CCA GCT GAG CCA TGC CA-3 *; (nucleotides 1008±989)
5*-GCT TCT GCT CAG CAT CAA CC-3 *, (4) GAPDH (Du-muscle speci®c 12101 antigen (Kitner and Brockes, 1984),
2H3 against neuro®lament protein, C11C1 against type II gaiczyk et al., 1983), (nucleotides 680±699) 5*-AGT CAT
CCC TGA GCT GAA TG-3 *; (nucleotides 990±1009) 5*-collagen (Holmdahl et al., 1986), and NOT-1 against noto-
chord (Yamada et al., 1991), all obtained from the Develop- AGG ATC AAG TCC ACA ACA CG-3 *. Reaction mixtures
containing 1 mCi [a-32P]dCTP were cycled at 947C, 30 sec,mental Studies Hybridoma Bank. MAbs against titin and a-
actinin were from Sigma. MAb F5D3 against skeletal tropo- 627C, 30 sec, and 727C, 1 min. The number of cycles were
MyoD: 33, GAPDG: 24, and MG and MHC: 30. Reactionnin T (Shimizu and Shimada, 1985) and rabbit antiserum
against cardiac troponin I (Toyota and Shimada, 1981) were products were separated on 6% polyacrylamide gels and 32P
incorporation was visualized by autoradiography. The iden-a gift from Dr. N. Toyota. The 6975 (Tapscott et al., 1988)
and Rb4B5 antisera (Yablonka-Reuveni and Rivera, 1994) tity of PCR products generated from chick embryo tissue
was con®rmed by restriction enzyme digestion.were generated against murine MyoD. These MyoD anti-
sera produced similar staining patterns in chick embryo
cells. Rb4B5 was demonstrated to bind chicken MyoD by
immunoprecipitation and band shift experiments (S. Alema, RESULTS
personal communication). Rb4B5 was a gift from Dr. S.
Alema. Secondary antibodies include af®nity-puri®ed, anti- Differentiation of Epiblast Cells in Vitro
mouse, and anti-rabbit F(ab* )2 fragments conjugated with
rhodamine or ¯uorescein (Chemicon, Temecula, CA). In vitro analyses were carried out to determine the poten-
tial of epiblast cells to form skeletal muscle. The epiblast
was separated from the primitive streak, mesoderm, and
Analyses of DNA Synthesis and Differentiation hypoblast and observed by scanning electron microscopy
(Fig. 1). The epiblast (Fig. 1C) appeared as a discrete epithe-Analyses of DNA synthesis and differentiation were car-
ried out as described in George-Weinstein et al. (1994). lium with no detectable contamination from the mesoderm
and hypoblast layers. Mesoderm cells adhered to the hypo-Brie¯y, cells were incubated in 1 mCi [6-3H]thymidine for
1 or 2 days beginning 1 hr after plating, labeled with the blast (Fig. 1D).
Cell cultures were prepared from a single cell suspensionMF20 monoclonal antibody and a secondary antibody con-
jugated with ¯uorescein, and coated with NTB-2 photo- of stages 3±5 epiblasts (predominantly stage 4). The cells
attached as a monolayer, con¯uent in its center. By thegraphic emulsion. Cells were considered to have incorpo-
rated [3H]thymidine into DNA if the number of silver grains third day, cultures consisted of a con¯uent monolayer inter-
spersed with multilayer regions (Figs. 1E and 1F).overlying the nucleus was a minimum of three times greater
than background. The ability of these cells to undergo myogenesis was de-
termined by immuno¯uorescence localization of proteins of
the contractile apparatus. Epiblast cells synthesized myosin
Reverse Transcription±Polymerase Chain Reaction heavy chain (MHC), a-actinin, titin, and the skeletal mus-
(RT-PCR) Analyses cle-speci®c troponin T (Shimuzi and Shimada, 1985) and
12101 antigen (Kitner and Brockes, 1984) (Fig. 2; Table 1).Stage 4 embryos were placed directly into 4.5 M guanidi-
nium thiocyanate solution (GTS) for extraction of RNA MHC was detected in more cells than 12101 or skeletal
troponin T on the second day after plating; however, by the(Chomczynski and Sacchi, 1987). Epiblasts and mesoderm/
hypoblast layers from stage 4 embryos were isolated as de- ®fth day, similar numbers of cells in monolayer areas of the
culture contained these proteins (Table 1). Most of the cellsscribed above, rinsed in PBS, and placed into GTS. RNA
also was extracted from a single cell suspension of stages in monolayer regions of 5-day cultures had differentiated
into muscle and many were multinucleated. Muscle cells3±4 epiblasts and from the same preparation of epiblast
cells after 5 hr in culture. Positive and negative controls were present in con¯uent and subcon¯uent areas. Although
precise quantitation of differentiated cells in multilayerfor MyoD, myogenin, and myosin heavy chain expression
included Day 13 fetal chicken pectoralis muscle and ®bro- areas of the cultures was not possible, extensive ¯uores-
cence was observed in these regions. These results demon-blasts obtained from Day 11 pectoralis muscle passaged six
times in culture, respectively. strate the ability of epiblast cells to undergo skeletal myo-
genesis and to synthesize several proteins of the contractileMultiplex RT-PCR was carried out as described in Rupp
and Weintraub (1991). The following primer pairs were used apparatus.
Cardiac muscle cells were rarely detected in epiblast cul-for PCR: (1) MyoD (Lin et al., 1989), (nucleotides 620±639)
5*-CGT GAG CAG GAG GAT GCA TA-3 *; (nucleotides tures (Fig. 2B; Table 1). Growing epiblast cells in serum
containing DES medium instead of serum free DMEM/F12864±883) 5*-GGG ACA TGT GGA GTT GTC TG-3 *, (2)
Myogenin (Fujisawa-Sehara et al., 1990), (nucleotides 435± medium did not increase the amount of cardiac muscle (data
not shown). In contrast, numerous cardiac muscle cells453) 5*-AGC CTC AAC CAG CAG GAG C-3 *; (nucleotides
694±713) 5*-TGC GCC AGC TCA GTT TTG GA-3 *, (3) were present in cultures prepared from the mesoderm and
hypoblast (Fig. 2C). These results are consistent with previ-MHC (Kavinsky et al., 1983), (nucleotides 392±411) 5*-GAT
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FIG. 1. Dissection of stage 4 embryos and observation of tissue layers by scanning electron microscopy and cell cultures by phase-
contrast microscopy. Incisions were made lateral to the primitive streak (PS) and between the area pellucida (AP) and area opaca (AO)
(A). In some experiments, the area pellucida was then dissected into four regions: anterior/medial (AM), anterior/lateral (AL), posterior/
medial (PM), and posterior/lateral (PL). Three tissue layers combined are shown in B. The epiblast (E) appeared as a monolayer (C). The
upper left portion of the epiblast was curled, revealing its dorsal surface. The mesoderm (M) adhered to the hypoblast (H) (D). Bar, 40 mm.
(E and F) Phase-contrast photographs of monolayer and multilayer (arrow) regions within epiblast cultures. Bar, 50 mm.
ous studies which demonstrated the ability of cells from entered the mesoderm by stage 3 of development (Vieni and
Bellairs, 1991; Antin and Yatskievych, 1994).whole primtive streak stage embryos to form both cardiac
and skeletal muscle in vitro (Choi et al., 1989; Holtzer et Although most epiblast cells differentiated into skeletal
muscle, a few neurons and cells synthesizing type II colla-al., 1990). The absence of cardiac muscle in most epiblast
cultures provides additional evidence that the mesoderm gen developed in vitro (Figs. 2G and 2H; Table 1). These
cells were located exclusively within monolayered regionswas removed before plating since cardiac progenitors have
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FIG. 2. Differentiation of epiblast cells in vitro. Stages 3±5 epiblast cells plated at high density in 10 ml DES medium, on gelatin and
®bronectin coated dishes, and ¯ooded with DMEM/F12 medium contained MHC (A), 12101 antigen (D), titin (E), a-actinin (F), and MyoD
(M). MyoD also was detected in cultured pectoralis muscle cells (N) but not ®broblasts (O). Arrows indicate MyoD negative cells. A few
neurons (G) and cells synthesizing type II collagen (H) also were present in these cultures. Epiblast cells plated at high density on uncoated
dishes in 10 ml DMEM/F12 medium (K) or low density (L) contained MHC. Cardiac troponin I (CTn) was not detected in epiblast cells
double-labeled with antibodies against MHC (A) and cardiac troponin I (B) but was present in mesoderm/hypoblast cells (C). Epiblast cells
from preprimitive streak stage embryos expressed 12101 (I) and skeletal troponin T in vitro (J). Bar, 10 mm.
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TABLE 1 muscle but do so to a far lesser extent than stage 4 cells.
Differentiation in Cultures of Epiblast Cells This experiment, and those which demonstrate that cardiac
muscle forms in mesoderm cultures but not epiblast cul-
% Positive cells % Positive cells tures, support the conclusions that (1) the differentiation
2-Day cultures 5-Day cultures which occurs in cultures of stage 4 epiblast cells is not due
to contamination from the mesoderm and (2) the potentialMyosin heavy chain 21 { 4 (5) 83 { 4 (4)
to form skeletal muscle is present prior to entry into the12101 4 { 4 (5) 83 { 4 (4)
Skeletal troponin T 10 { 6 (3) 81 { 2 (4) primitive streak.
MyoD 96 { 1 (4) 99 { 0.4 (5)
Cardiac troponin I 0 (5) 0.4 { 0.9 (5)
Myogenesis in the Absence of ExogenouslyNeuro®lament protein 1 { 2 (3) 0.2 { 0.3 (6)
Type II collagen 2 { 1 (3) 0.4 { 0.5 (5) Supplied Proteins or When Cultured
Notochord 1 { 1 (3) 0.8 { 0.8 (5) at Low Density
In the experiments described above, cells were plated onNote. Stages 3±5 epiblast cells were cultured for 2 or 5 days,
then labeled with antibodies against myosin heavy chain, skeletal dishes coated with gelatin and ®bronectin, in 10 ml of DES
muscle-speci®c troponin T and 12101 antigen, MyoD, cardiac mus- medium, and then ¯ooded with DMEM/F12 medium. De-
cle-speci®c troponin I, neuro®lament protein, notochord, or type termination of whether the proteins present in DES me-
II collagen, and ¯uorescent secondary antibodies. On the second dium and on the substrate were required for myogenesis,
day after plating, cultures consisted of a monolayer. By the ®fth stages 3±5 epiblast cells were plated directly in DMEM/F12
day, monolayer and multilayer regions were present. % Positive
medium on uncoated dishes and ¯ooded with DMEM/F12cells, ¯uorescent cells 4 total cells 1 100. A minimum of 200 cells
medium. MHC was detected in some cells in these cultureswas scored in 2-day cultures and the total number of cells present
(Fig. 2K), demonstrating that epiblast myogenesis is inde-in monolayer regions of 5-day cultures were scored. Values are
pendent of exogenously supplied extracellular matrix pro-the mean { SD. The number of cultures scored is indicated in
teins, hormones, and cytokines.parentheses. Similar numbers of cells in monolayer regions of 5-
day cultures were labeled with antibodies against MHC, 12101, A few cells differentiated into skeletal muscle when
and skeletal troponin. Cardiac muscle cells were observed in only plated at low density (Fig. 2L). Although direct comparisons
one of ®ve cultures on the ®fth day after plating. Neurons, noto- between differentiation at high and low density was not
chord cells, and cells synthesizing type II collagen were present performed due to cell loss at low density, it does appear
only in the monolayer of 5-day cultures and comprised less than that myogenesis occurs to a far greater extent when epiblast
2% of the population.
cells are plated at high density.
Myogenesis in the Absence of DNA Synthesisof the culture. Their number increased only slightly when
epiblast cells were grown in serum containing DES medium Determination of whether the cells removed from the
(data not shown). Detection of notochord cells (Table 1) embryo or their progeny differentiated in vitro was tested
may re¯ect the contribution from stage 3 embryos since
presumptive notochord cells are located anterior and lateral
to the primitive streak at this stage of development (Rosen-
quist, 1966; Selleck and Stern, 1991). These results indicate TABLE 2
that most of the cells in epiblast cultures differentiate into Replication and Differentiation in Epiblast Cultures
skeletal muscle, although small populations of nonmuscle
MF20// MF20//cell types are also present. It is unlikely that only a subpopu-
% MF 20/ % [3H]TdR/ [3H]TdR/ [3H]TdR0lation of epiblast cells was selected for under these condi-
tions because (1) the plating ef®ciency was 96%, (2) myoD
1 day 5 { 5 (6) 69 { 11 (6) 85 { 13 (6) 15 / 13 (6)
was expressed in 99% of the cells within 2 hr of plating (see 2 days 31 { 6 (6) 96 { 2 (6) 97 { 2 (6) 3 / 2 (6)
below), and (3) the number of cells lost by detachment was
Note. Stages 3±5 epiblasts cells were incubated in 1.5 ml DMEM/approximately 20%.
F12 medium containing 1 mCi [3H]thymidine ([3H]TdR) for 1 or 2It would appear that skeletal myogenesis occurs after dis-
days. Cells were labeled with the MF20 antibody and processed forsociation of the epiblast and randomizing the position of
autoradiography. A minimum of 200 cells was scored per culture.its cells, and in the absence of tissue interactions or entry
Values are the mean { SD. Number of cultures scored is indicatedinto the primitive streak. Additional evidence for this was
in parentheses. % MF20/, MF20 positive cells 4 total cells 1 100;obtained with epiblast cells from embryos prior to primitive
% [3H]TdR/, cells with silver grains overlying the nucleus 4 total
streak and mesoderm formation (Hamburger and Hamil- cells 1 100; MF20//[3H]TdR/, MF20-positive cells with silver
ton's stage 1; Eyal-Gilade and Kochav's stages XII±XIII). By grains overlying the nucleus 4 total MF20 positive cells 1 100;
the ®fth day in culture approximately 1% of the prestreak MF20//[3H]TdR0, MF20-positive cells without silver grains overly-
epiblast cells contained MHC, 12101, and skeletal troponin ing the nucleus 4 total MF20 positive cells 1 100. Some cells
differentiated without replication.T (Figs. 2I and 2J). Stage 1 epiblast cells can form skeletal
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(lane 5). MyoD mRNA appeared to increase in epiblast cells
after 5 hr in culture (lanes 13 and 15). As expected, MyoD
message was detected in fetal pectoralis muscle cells (lane
9) but not ®broblasts (lane 11). Transcripts for MHC and
the muscle regulatory factor myogenin (Wright et al., 1989)
were detected in pectoralis muscle (Fig. 3B, lane 9) but not
in the tissues of stages 3±4 embryos (Fig. 3B, lanes 1±7).
Although MyoD protein was not detected in the intact
epiblast (data not shown), by 2 hr after plating, epiblast cells
were labeled with MyoD antisera (percent positive  99 {
1, n  3). Practically all epiblast cells in 1-day (98 { 2, n 
3) and 2- and 5-day cultures also contained MyoD protein
(Table 1; Fig. 2M). The results of these experiments indicate
that MyoD mRNA is present within epiblast tissue, transla-
tion occurs in vitro, and epiblast cells are inherently myo-
genic.
Myogenesis in Cultures Prepared from Different
Regions of the Epiblast
FIG. 3. Analysis of MyoD expression by reverse transcription± The presence of MyoD in most cultured epiblast cells
polymerase chain reaction (RT-PCR). Samples were incubated in
suggests that myogenic potential may exist throughout thisthe presence (/) or absence (0) of reverse transcriptase. The ubiqui-
tissue. To con®rm this, muscle differentiation was com-tously expressed glyceraldehyde-3-phosphate dehydrogenase
pared in different regions of the epiblast (Fig. 1). The ability(GAPDH) was included as an internal control for the amount of
of anterior/medial epiblast tissue (minus the primitiveRNA tested. Reaction products include MyoD, 263 bp; GAPDH,
330 bp; myosin heavy chain (MHC), 616 bp; and myogenin (MG), streak) to form muscle was compared to that of more lateral
278 bp. The detection of PCR products was dependent on the syn- and posterior tissues, which after gastrulation reside in non-
thesis of cDNA during the reverse transcriptase reaction. MyoD muscle forming regions of the embryo (Rosenquist, 1966).
mRNA was present in whole stage 4 embryos (EMB), primitive Similar numbers of cells were present in cultures prepared
streaks (PS), mesoderm/hypoblast (M/H), and epiblast layers (EPI), from different regions of the epiblast (data not shown). Al-
a single cell suspension of stages 3±4 epiblasts (EPI-S), epiblast cells though cells from all four regions of the epiblast formed
from the same single cell suspension after 5 hr in culture (EPI-
skeletal muscle, a higher percentage of muscle cells wasC), and pectoralis muscle tissue (PM). MyoD was not detected in
present in 2-day cultures prepared from lateral than medialcultured ®broblasts (FIB). Myogenin (MG) and myosin heavy chain
(MHC) were detected only in pectoralis muscle tissue.
TABLE 3
Muscle Differentiation in Cultures Prepared from Differentby incubating cells in medium containing [3H]thymidine
Regions of the Epiblast(Table 2). Practically all cells replicated their DNA during
the ®rst 2 days in culture. However, a small population of % MHC-Positive cells
cells did not synthesize DNA before differentiating. The
ability of some cells to differentiate directly upon place- Anterior/medial 12 { 4 (15)
Posterior/medial 15 { 11 (13)ment in culture suggests that epiblast cells are myogenic
Anterior/lateral 36 { 12 (10)prior to their removal from the embryo.
Posterior/lateral 25 { 11 (9)
Note. The area pellucida of stages 3±5 embryos was dissectedExpression of MyoD in Vivo and in Vitro
into four pieces as shown in Fig. 1. Epiblasts cells were cultured
for 2 days, then labeled with the MF20 monoclonal antibody againstFurther support for the conclusion that myogenic poten-
myosin heavy chain (MHC). Similar numbers of cells were presenttial exists in ovo was obtained by demonstrating the pres-
in each type of culture. % MHC-positive cells, MF20-positive cellsence of messenger RNA (mRNA) for the muscle regulatory
4 total cells1 100. A minimum of 200 cells was scored per culture.factor MyoD (Davis et al., 1987) within the epiblast. MyoD
Values are the mean { SD. Number of cultures scored is indicated
is the ®rst muscle regulatory factor to be expressed in the in parentheses. A greater percentage of muscle cells was present in
mesoderm of avian embryos (Pownall and Emerson, 1992). cultures prepared from lateral than medial regions of the epiblast
MyoD transcripts were detected in whole stage 4 embryos (anterior/lateral and anterior/medial or posterior/medial: P ⁄
(Fig. 3A, lane 1) and in the isolated primitive streak (lane 3), 0.0005; posterior/lateral and anterior/medial: P£ 0.0005; posterior/
lateral and posterior/medial: P £ 0.025).epiblast (lane 7), and mesoderm/hypoblast layers combined
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FIG. 4. Analysis of myogenesis in cultures of intact epiblast tissue. Isolated epiblasts were cultured as an intact epithelium. Myosin
heavy chain was not detected in 48-hr cultures (A). Differentiated muscle cells were present in 5-day cultures (C). (B, D) Phase-contrast
photomicrographs of A and C, respectively. Bar, 10 mm.
epiblast tissue (Table 3). Labeling with the skeletal muscle- these cells are prevented from forming skeletal muscle
within the embryo. The effect of cell±cell interactions onspeci®c antibody 12101 con®rmed that these cells were
skeletal and not cardiac muscle (data not shown). This sup- myogenesis was explored by culturing the epiblast as an
intact epithelium. Muscle was not detected in these cul-ports the conclusion that myogenic potential is an inherent
property of cells from the lateral regions of the epiblast and tures until 3 days after plating (Fig. 4). In contrast, muscle
was detected in cultures prepared from a single cell suspen-not a result of contamination from medial, presumptive
muscle forming tissue. sion on the ®rst day after plating (Table 2). Therefore, main-
taining the epiblast as an epithelium delays muscle differen-
tiation compared to cultures in which original cell±cell
Effects of Cell and Tissue Interactions on contacts were disrupted.
Myogenesis in Epiblast Cultures The effect of tissue interactions on myogenesis in vitro
was analyzed by plating a single cell suspension of epiblastsThe ability of cells from nonmuscle forming regions of
the epiblast to undergo myogenesis in vitro suggests that prelabeled with FITC in the presence of a variety of unla-
FIG. 5. Analysis of epiblast myogenesis in the presence of other embryonic tissues. Epiblast cells (E) were prelabeled with ¯uorescein
isothiocyanate (FITC) and plated as a single cell suspension either alone or in the presence of tissue from a stage 13 neural tube (NT), or
mesoderm/hypoblast (M/H), area opaca (AO), or primitive streak (PS) from stage 4 embryos. Cultures were labeled with an antibody
against myosin heavy chain (MHC) and secondary antibodies conjugated with rhodamine. MHC-positive cells were located in close
proximity to the neural tube, area opaca, and primitive streak, but not in close proximity to mesoderm/hypoblast tissue. Some mesoderm
and primitive streak cells formed muscle. Closed arrowheads, MHC//FITC/ cells in AO and PS cultures; open arrowheads, MHC0/
FITC/ cells in M/H cultures; and arrows, MHC//FITC0 cells in PS and M/H cultures. Bar, 17 mm.
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beled embryonic tissues (Fig. 5). Muscle cells were ran- skeletal muscle may develop autonomously within the epi-
blast.domly distributed throughout the culture and most optic
®elds contained muscle when epiblast cells were plated in Development of nonmuscle cell types from the epiblast
does appear to require tissue interactions. Cells from re-the absence of other tissues. When cocultured with meso-
derm/hypoblast tissue, epiblast cells located in the vicinity gions of the epiblast which later form epidermis and extra-
embryonic ectoderm in vivo (Rosenquist, 1966) give rise toof this tissue did not differentiate into muscle (FITC//
MHC0 cells). This result was obtained in nine out of nine skeletal muscle when cultured in the absence of sur-
rounding tissues. From the initiation of gastrulation to ap-cultures tested. Muscle did form in the mesoderm/hypo-
blast explant (FITC0/myosin/ cells). The greater the dis- proximately stage 5, the migrating mesoderm has not yet
reached the most lateral portions of the epiblast (Hamilton,tance from the mesoderm/hypoblast, the more epiblast-de-
rived muscle was observed. In the photograph shown in Fig. 1965). The underlying mesoderm may be responsible for the
development of the epidermis and extraembryonic ecto-5, the distance from the mesoderm/hypoblast to the ®rst
differentiated epiblast cell was approximately 250 mm. derm in the lateral epiblast. In addition, the anterior portion
of the primitive streak (Hensen's node) can induce a second-Larger pieces of mesoderm/hypoblast tissue produced a
greater area of inhibition (data not shown). In contrast, epi- ary axis and neurogenesis in the epiblast (Storey et al.,
1992). A signal propagated in a medial to lateral directionblast cultures containing pieces of the neural tube (13 cul-
tures) or lateral plate mesoderm (3 cultures, not shown) that is important for the development of nonmuscle cell
types would explain why cells from the medial epiblastfrom stages 13 or 20 embryos, or the area opaca (4 cultures)
or primitive streak (4 cultures) from stage 4 embryos, con- form less muscle at early times in culture than lateral cells.
Further evidence for the ability of the embryonic environ-tained muscle cells of epiblast origin in direct contact with
these tissues. Prevention of epiblast myogenesis appears to ment to regulate the fate of epiblast cells comes from trans-
plantation experiments. Epiblast cells from prestreak andbe a speci®c effect of the mesoderm/hypoblast.
primitive streak stage mouse embryos were more likely to
deviate from their normal fate and conform to their new
surroundings if the epiblast was isolated from the hypoblast
DISCUSSION prior to insertion into a foreign environment (Snow, 1981;
Beddington, 1982). When implanted into the limb bud,
chick embryo epiblast cells do not form muscle (Krenn etEpiblast cells have an inherent capacity to undergo skele-
tal myogenesis as evidenced by the presence of MyoD al., 1988; von Kirschhofer et al., 1994).
Tissue interactions, as well as direct cell±cell communi-mRNA in vivo, the accumulation of MyoD protein in prac-
tically all cells within a few hours after placement in cul- cation, also may be important for repressing differentiation
within the epiblast. Epiblasts cultured for 2 days as an intactture, and the ability of some cells to differentiate without
replication. Differentiation proceeds autonomously in cul- epithelium or when plated as a single cell suspension in the
presence of mesoderm/hypoblast tissue do not differentiateture, in the absence of gastrulation, tissue interactions, and
exogenously supplied proteins. Removal of epiblast cells into skeletal muscle. Suppression of differentiation also oc-
curs in the Xenopus embryo. Induction by the mesodermfrom the embryonic environment and production of a single
cell suspension appears to release epiblast cells from cell releases ectoderm cells from an inhibition of neurogenesis
(Godsave and Slack, 1989, 1991; Grunz and Tacke, 1989;and tissue interactions that maintain these cells as undiffer-
entiated precursors. On the other hand, cell±cell interac- Hemmati-Brivanlou and Melton, 1992; Ruiz i Altaba, 1993).
One molecule which is involved in regulating differentia-tions which occur in these high density cultures may play a
role in promoting myogenesis since fewer cells differentiate tion via intercellular signaling is the cell surface protein
Notch, which suppresses neurogenesis and myogenesis inwhen plated at low density. Cell±cell interactions have
been shown to be important for muscle differentiation in Drosophila, Xenopus, and mouse embryos (Hoppe and
Greenspan, 1986; Corbin et al., 1991; Heitzler and Simpson,the Xenopus embryo (Gurdon et al., 1992) and in cultures
of mouse somites (Cossu et al., 1995). 1991; Kopan et al., 1994).
Inhibition of differentiation within the epiblast wouldCells from all regions of the epiblast differentiate into
skeletal muscle in vitro, indicating that myogenic potential enable some cells to be programmed along nonmuscle path-
ways and others to remain as myogenic precursors untilis wide-spread in primitive streak stage chick embryos. This
is reminiscent of early stages in the development of the they have reached suf®cient numbers and proper positions
within the embryo. Although the potential to form muscleXenopus laevis embryo in which MyoD mRNA is ubiqui-
tously expressed for a brief period of time prior to mesoderm is present in the epiblast, skeletal muscle differentiation
does not begin in ovo until after gastrulation and somiteinduction (Rupp and Weintraub, 1991). In the chick embryo,
wide-spread potential to form muscle may result from the formation (Holtzer et al., 1957; Stern and Hauschka, 1995).
Differentiation in the intact somite is under the in¯uencefact that prior to gastrulation, most of the epiblast is a
monolayer in contact with the hypoblast and the hypoblast of the neural tube, notochord, and lateral plate mesoderm
in vivo (Muchmore, 1951; Strudel, 1955; Teillet and Le Dou-may secrete mesoderm-inducing factors (Mitrani et al.,
1990a,b). Alternatively, the potential to differentiate into arin, 1983; Rong et al., 1992; Christ et al., 1992; Bober et
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